Using time-resolved single-shot pump-probe microscopy we unveil the mechanism and the time scale of all-optical magnetization reversal by a single circularly polarized 100 fs laser pulse. We demonstrate that the reversal has a linear character, i.e., does not involve precession but occurs via a strongly nonequilibrium state. Calculations show that the reversal time which can be achieved via this mechanism is within 10 ps for a 30 nm domain. Using two single subpicosecond laser pulses we demonstrate that for a 5 domain the magnetic information can be recorded and readout within 30 ps, which is the fastest ''write-read'' event demonstrated for magnetic recording so far.
The fundam ental and practical lim it o f the speed of m agnetization reversal is a subject o f vital im portance for m agnetic recording and inform ation processing technolo gies as w ell as one o f the m ost intriguing questions of m odern m agnetism [1] [2] [3] [4] [5] [6] [7] [8] . The conventional w ay to re verse the m agnetization M is to apply a m agnetic field H antiparallel to M . In this collinear M -H geom etry the reversal occurs via precession accom panied by dam ping that channels the associated angular m om entum into the lattice. A lthough this process is perfectly determ inistic, it is also unavoidably slow, typically o f the order o f nano seconds, due to the required angular m om entum transfer [8] .
Alternatively, the driving field can be applied orthogonal to M , so that the created torque [M X H ] leads to a rapid change o f the angular m om entum and a possible sw itching o f the m agnetization [1, 3, 4, 9] . However, such precessional sw itching requires a m agnetic field pulse precisely tuned to h a lf o f the precession period. The fastest precessional reversal dem onstrated so far using an external m agnetic field [1, 5] or a spin-polarized current [6 ,7, 10] is lim ited to 100 ps. M oreover, it has been shown that for field pulses shorter than 2.3 ps such a sw itching becom es nondeterm inistic [5 ,11] .
U ltrafast laser-induced heating o f a m agnetic m aterial is know n to stim ulate the transfer of angular m om entum from spins to lattice on a fem tosecond tim e scale [12, 13] . It has been recently dem onstrated that a 40 fs, circularly polar ized, laser pulse is able to reverse m agnetization in a col linear M -H geom etry [14] , as if it acts as an equally short m agnetic field pulse H eff ~ [E X E*] (w here E is the electric field o f light) pointing along the direction o f light [ 15] . A lthough this experim ent show ed the intriguing pos sibility o f triggering m agnetization reversal w ith a subpi cosecond stim ulus, the relevant tim e scales and m echanism o f such an optically induced m agnetization reversal are still unansw ered questions, since a precessional switching w ithin 40 fs w ould require enorm ous effective m agnetic fields above 102 T and unrealistically strong dam ping. To address these questions we used fem tosecond single-shot tim e-resolved optical im aging o f m agnetic structures and m ultiscale m odeling beyond the m acro-spin approxim a tion. The com bination o f these advanced experim ental and theoretical m ethods unveiled an ultrafast linear path w ay for m agnetization reversal that does not involve p re cession but occurs via a strongly nonequilibrium state.
In our experim ents the am orphous ferrim agnetic 20 nm GdxF e100_x_yCoy films w ith perpendicular anisotropy [ 14] w ere excited by a single circularly polarized laser pulse (FW H M o f about 100 fs, a central w avelength at A0 = 800 nm ). A single linearly polarized probe pulse (FW H M = 100 fs, A0 = 640 nm) delayed w ith respect to the pum p was used for ultrafast im aging o f the m agnetic dom ain structure by m eans o f the m agneto-optical Faraday effect. M agnetic dom ains w ith m agnetization parallel ( ''u p '') or antiparallel ( ''dow n'') to the sam ple normal are seen as w hite or black regions, respectively, in an im age on a CCD cam era [16] . A fter each ''w rite-read'' event, the initial m agnetic state was restored by applying a m agnetic field pulse. Taking im ages o f the m agnetic structure for different delays betw een the pum p and probe pulses we w ere able to visualize the ultrafast dynam ics o f the laserinduced m agnetic changes in the material. few hundreds o f fem toseconds, pum p pulses o f both helicities bring the originally m agnetized m edium into a strongly nonequilibrium state w ith no m easurable net m ag netization, seen as a gray area in the second colum n o f Fig. 1(a) , the size o f w hich is given by the laser beam intensity profile. In the follow ing few tens o f picoseconds either the m edium relaxes back to the initial state or a small (~5 ^m ) dom ain w ith a reversed m agnetization is formed. It is thus obvious that (i) the sw itching proceeds via a strongly nonequilibrium dem agnetized state, clearly not follow ing the conventional route o f precessional motion, and (ii) the final state is defined by the helicity o f the 100 fs pum p pulse [last colum n o f Fig. 1(a) ].
As one can see from Fig. 1(a) , the m etastable state corresponding to reversed m agnetization is reached w ithin 60 ps after a + ( a~) excitation. This state is, however, slightly different from the final state [the last colum n in Fig. 1(a) ], as clearly seen from Fig. 1(b) . This happens due to the laser-induced heating o f the sam ple follow ed by slow ( » 1 ns) heat diffusion [17] . To take into account renor m alization o f the two m etastable states o f m agnetization at the subnanosecond tim e scale we introduce tw o asym ptotic levels [see dashed lines in Fig. 1(b) ]. The characteristic tim e o f sw itching r sw can be identified as the tim e required to reconstruct 63% (1 -e _1) the difference betw een the m etastable states [ Fig. 1(b) ]. For exam ple, in Fig. 1 , r sw = 60 ps. A fter 1 .5 rsw the difference reaches 80% and, as also can be seen from Fig. 1(a) , this tim e can be reliably assum ed as the period required for a w rite-read event ( r w-r = 90 ps for the exam ple in Fig. 1 ). The switching tim e is in fact surprising, because in contrast to heatassisted m agnetic recording [18] , the reversal tim e is m uch longer than the effective light-induced m agnetic field pulse H eff. The duration o f the latter A teff is still an open question but can be different from the FW H M o f the optical pulse. However, A teff can be estim ated from the spectrum o f THz radiation generated by an Fe film w hen the latter is excited by a subpicosecond visible laser pulse. A ccording to Ref. [ 19] , the intensity o f the TH z em ission depends on the polarization o f the incom ing light and has to be explained in term s o f difference-frequency genera tion. Phenom enologically, this is very sim ilar to the inverse Faraday effect. B ased on a half-period oscillation w ith the low est frequency in the THz spectrum [19] , the m axim um A teff is about 3 ps. The pulse am plitude H eff, for a typical pum p fluence o f 2.5 J /m 2 and the m agneto-optical con stant o f G dFeCo (~3 X 105 d eg /cm ), reaches 20 T.
To understand this route for m agnetization reversal via such a strongly nonequilibrium state we solved the Landau-Lifshitz-B loch (LLB) equation. This m acrospin approach encapsulates very w ell the response o f a set o f coupled atom ic spins subjected to rapidly varying tem pera ture changes, including the reduction o f the m agnitude o f M [20, 21] . The tem perature dependence o f the anisotropy constant K u is introduced in the LLB equation via the tem perature dependence o f the transverse susceptibility [22] . The tem perature-dependent param eters for the LLB equation, i.e., the longitudinal and transverse susceptibili ties and the tem perature variation o f the m agnetization, are calculated atom istically using Langevin dynam ics com bined w ith a L andau-Lifshitz-G ilbert equation for each spin [22] . It is w ell know n that, due to the sm all heat capacity o f electrons, optical excitation by a subpicosec ond laser pulse can cause heating o f the electron system w ell above 1000 K, w hereafter the electrons equilibrate w ith the lattice to a m uch low er tem perature on a (sub) picosecond tim e scale given by the electron-phonon inter action [13] . This laser-induced increase o f the kinetic energy (tem perature) o f the electrons is sim ulated using a tw o-tem perature m odel [23] , the param eters for which w ere taken to be typical for a m etal [24] week ending 11 SEPTEMBER 2009 tions are plotted in Fig. 2(a) as a phase diagram , defining the com binations o f T*j and A teff for w hich switching occurs for the given H eff. The assum ed perpendicular anisotropy value was K u = 6.05 X 105 J / m 3 at 300 K. As can be seen from the diagram , a field pulse as short as A teff = 250 fs can reverse the m agnetization. For better insight into the reversal process we sim ulated the latter for A teff = 250 fs and T*j = 1130 K. The result is plotted in Fig. 2(b) , showing that, already after 250 fs, the effective fields o f tw o different polarities bring the m edium into two different states, w hile the m agnetization is nearly quenched w ithin less than 0.5 ps. This is follow ed by relaxation either to the initial state or to the state with reversed m agnetization, achieved already w ithin 10 ps. The considered pulse duration A teff o f 250 fs is only 2.5 tim es larger than the FW H M o f the optical pulse in our experim ents [25] and w ell w ithin the estim ated lifetim e o f a m edium excitation responsible for H eff. Im portantly, in sim ulations A teff was found to be sensitive to the param e ters o f the tw o-tem perature model. In particular, an in crease o f G el-ph leads to a reduction o f the m inim um field pulse duration. This shows that the suggested m echanism may, in principle, explain the experim entally observed laser-induced m agnetization reversal. This m agnetization reversal does not involve precession; instead, it occurs via a linear reversal m echanism , w here the m agnetization first vanishes and then reappears in a direction o f H eff, avoiding any transverse m agnetization com ponents, ju st as seen in Fig. 1(a) . E xactly as in the experim ents, the initial 250 fs effective m agnetic field pulse drives the reversal process, that takes 1 -2 orders o f m agnitude longer.
The state o f m agnetization after the pulse is critically dependent on the peak tem perature T*j and the pulse du ration. is necessary that, w ithin this time, Tel reaches the vicinity o f TC. If, however, this tem perature is too high and persists above TC for too long, the reversed m agnetization is de stroyed and the effect o f the helicity is lost. This leads to a phase diagram [ Fig. 2(a) ], showing that the m agnetization reversal m ay occur in a certain range o f T*l. Such a theoretically predicted reversal window o f electron tem perature can be easily verified in the experim ent w hen one changes the intensity o f the laser pulse. Figure 2(c) shows the switchability, i.e., the difference betw een the final states o f m agnetization achieved in the experim ent w ith ^+ -and ^--polarized pulses, as a function o f T^, calcu lated from the laser pulse intensity. It is seen that, indeed, sw itching occurs w ithin a fairly narrow laser intensity range [26] . For intensities below this w indow no laserinduced m agnetization reversal occurs, w hile if the inten sity exceeds a certain level both helicities result in m agne tization reversal, since the laser pulse destroys the m agnetic order com pletely, w hich is then reconstructed by stray fields [27, 28] . Such a good agreem ent betw een experim ent and theory supports the validity o f the pro posed reversal m echanism . D espite this qualitative agreem ent betw een sim ulations and experim ents, the experim entally observed reversal tim e is several tim es larger than the calculated 10 ps. The latter, however, is calculated for a 30 nm dom ain, w hereas in our experim ents the m agnetization in a 5 ^m spot is m anipulated. This size is defined by (i) the m inim um size o f the stable dom ain in the m aterial and (ii) by the area w ithin the laser spot, where the intensity favors the helicity-dependent reversal. Inhom ogeneities in the sample and the intensity profile w ill lead to variations o f T^ over the laser spot. If due to these factors every 30 nm elem ent o f the 5 ^m spot is reversed w ith a probability betw een 50% and 100%, the actual tim e o f m agnetization reversal o f this large spot will depend on its size and the speed o f dom ain w alls. T heir m obility increases dram atically in G dFeCo alloys in the vicinity o f their angular m om enum com pensation point (Tcomp); i.e., the tem perature where the angular m om enta o f the two sublattices cancel each other [29] [30] [31] . Therefore, one should expect a dram atic accel eration o f m agnetization reversal near Tcomp. Note that this w ould also perfectly explain the difference betw een the tim es required for the form ation o f the sw itched dom ain and the relaxation to the initial state [ Fig. 1(b) ]. Indeed, in the form er case the dom ain w all m otion is additionally accelerated by the dem agnetizing field, w hile in the latter case this field slows the m otion down.
This hypothesis was verified experim entally by inves tigating the reversal process as a function o f tem perature in three alloys G d22Fe682C o9 .8, G d24Fe665Co9 .5, and G d26Fe64:7C o9:3 that are characterized by different com pensation tem peratures. The observed w rite-read tim e r w-r is plotted in Fig. 3 as a T hen, it is the m obility at TComp w hich dom inates the averaged dom ain w all speed in the photoexcited area and, thus, determ ines the w rite-read tim e. Above TComp, all-optical m agnetization reversal can still be realized, but the w rite-read tim e increases exponentially w ith increasing tem perature. For exam ple, w hile r w-r for G d22Fe68 2Co9 8 (TComp = 100 K) at room tem perature is found to be ex trem ely slow (16 ns), a huge decrease o f r w-r o f 2 orders of m agnitude is observed as T -Tcomp decreases. Finally, at 10 K we succeeded to achieve all-optical m agnetization reversal w ithin ju st 30 ps, w hich is the fastest w rite-read event dem onstrated for m agnetic recording so far.
In conclusion, by tim e-resolved single-shot m icroscopy, w e found a novel and ultrafast path for m agnetization reversal triggered by a subpicosecond circularly polarized laser pulse. The reversal does not involve precession, but instead has a linear character, proceeding via a strongly nonequilibrium state. This all-optical reversal occurs only in a narrow range o f pulse energies. Using two single subpicosecond laser pulses we dem onstrated the feasibility o f both all-optical recording and reading on an ultrashort tim e scale. The m agnetic inform ation was recorded by a subpicosecond laser pulse in a 5 ^m dom ain and readout by a sim ilarly short pulse w ithin 30 ps, w hich is the fastest w rite-read event dem onstrated for m agnetic recording so far. Sim ulations for 30 nm dom ains dem onstrate the feasi bility o f reversing m agnetization w ithin 10 ps. This time can be even faster for m edia w ith a higher m agnetic anisotropy constant than the one used in our calculations.
